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ABSTRACT 

We explore the amount of obscured star-formation as a function of environment in the A901/902 supercluster at 
z = 0.165 in conjunction with a field sample drawn from the A901 and CDFS fields, imaged with HST as part of the 
STAGES and GEMS surveys. We combine the COMBO- 17 near-UV/optical SED with Spitzer 24-fim photometry 
to estimate both the unobscured and obscured star formation in galaxies with M» > 1O"^M0. We find that the star 
formation activity in massive galaxies is suppressed in dense environments, in agreement with previous studies. 
Yet, nearly 40% of the star-forming galaxies have red optical colors at intermediate and high densities. These red 
systems are not starbursting; they have star formation rates per unit stellar mass similar to or lower than blue star- 
forming galaxies. More than half of the red star-forming galaxies have low IR-to-UV luminosity ratios, relatively 
high Sersic indices and they are equally abundant at all densities. They might be gradually quenching their star- 
formation, possibly but not necessarily under the influence of gas-removing environmental processes. The other 
>40% of the red star-forming galaxies have high IR-to-UV luminosity ratios, indicative of high dust obscuration. 
They have relatively high specific star formation rates and are more abundant at intermediate densities. Our 
results indicate that while there is an overall suppression in the star-forming galaxy fraction with density, the 
small amount of star formation surviving the cluster environment is to a large extent obscured, suggesting that 
environmental interactions trigger a phase of obscured star formation, before complete quenching. 
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1. INTRODUCTION 

Much observational evidence gathered so far has established 
that the environment in which galaxies live plays an important 
role in shaping their properties, such as their star formation 
activity, gas content, and morphology, in the sense that galax- 
ies in regions of high galaxy density tend to have less ongo- 
ing star formation, less cold gas and more bulge-dom inated 



morphology (Oemler 1974; Dressier 1980; Lewis et al.l 12002 : 



Gavazzi et al.i 2002: Gomez et al. 2003^ .Balogh et al.' '2004 
KauffmannetalJ |2004; McIntosh^taD 11004; Baldry et al.l 
2006). Yet, a real concern is that most star formation indi- 
cators used to date are based on optical properties and are sus- 
ceptible to the effects of dust attenuation. Indeed a number 
of studies using mid-infrared or radio-derived star formation 
rates (SFRs) have found evidence for some unexpectedly in- 
tense burs ts of star formation in intermediate-d ensity region s 
(e.g. MiUer & Owenli2002; Coia et al...2005.; Fadda et al.ll2008l) . 
The object of this paper is to use wide-field photometric red- 
shift data, deep Spitzer data and wide-field HST imaging of the 
z = 0.165 Abell 901/902 supercluster to explore the incidence 
of dust-obscured star formation for low-SFR galaxies: is dust- 
obscured star formation important even at low SFRs, and how 
does it vary with environment? 

1.1. Environment, star formation and morphology 

Historically, the first clear evidence that environment influ- 
ences galaxy properties is the observed predominance of early- 
type galaxies in low redshift clusters with respect to the field, 
alon gside with a paucity of late- type, emission-line galaxies 
(e.g.Morg anll96UlDresslerll980l) . The so-called morphology- 
density relation appears to be in place already at z ~ 1, but 
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varies quantitatively with redshift: between z ^ 0.5 and the 
present, the fraction of late-type spirals in intermediate-density 
regions decreases in favour of the population of SO galaxies 
jDressler et al.lll997l: [Smith et al . 2005; Postman et al. 2005). 
This has suggested that spiral galaxies evolve into smooth and 
passive systems such as SOs as they enter the dense environment 
of galaxy clusters. 

Connected to the morphology-density relation is the decrease 
of the average SFR, as derived from optical color s or emission 



lines, with increasing environmental density (e.g 
' javazzi et alj|2002l: iPimbblet et all 1200^ 



Balogh et al 



Gomez et al 



Among the two, the relation between color (or stellar 
age) and environment appears to be the most fundamental one: 
at fixed color, morphol ogy shows only a weak residual depen - 
dence on environment dBlanton et alji2005l: IWolf et alj|2()07h . 
Moreover, the link between the morphology-density and the 
SFR-density relations has significant scatter: not all spirals in 
clusters appear t o be star-forming, at least on the basis o f their 
optical specti-a (Pog gianti et"!!] 1 19991: lOoto et alj|2003b . The 
question remains whether these spirals are really passive or they 
have star formation activity that escapes detection in the opti- 
cal. Indeed, selection of passive spirals on the basis of their 
emission lines can be contaminated by dusty early-type spirals 
with low level of star formation activit y, that could instead be 
detected using e.g. mid-infrared colors dWilman et 

The SFR-density relation extends to ve ry low local galaxy 
number densities (e.g. Lewis e t al. 20021 Gomez et alj 120031) 
and dark matter densities (Gr av et al.ll2004l) . corresponding to 
the outskirts of clusters and the densities of groups. This sug- 
gests that not only the cores of clusters impact galaxy properties 
but galaxies may experience significant pre-processing in sys- 
tems with lower density and lower velocity dispersion such as 
groups, before entering the denser and hott er environment of 
the cluster (e. g. IZabludoffl2002l: lFuiitall2004l) . 

1 .2. Environmental physical processes 

Several processes can act on galaxies as they interact with 
their surrounding environment. The intensity and timescale 
of individual processes may also vary with galaxy mass and 
during the galaxy lifetime as it moves through different den- 
sity environments (for a review see Boselli & Gavazzi 2006). 
The gas content and hence star formation activity of galaxies 
can be affected by interaction with the intra-cluster medium 
(ICM). The cold gas reservoir can be stripped due to the ram- 
pressure experienced by galaxies falling at high veloc ities in 
the dense ICM of the cluster (Gunn & Gott 1972; OuiU s et all 
l2000h . Ram-pressure stripping can lead to fast truncation of star 
formati on and its action can be recognized from truncated Ha 
profiles dKoopmann & Kennevl2 004). asy mmetric gas distribu- 
tion and deficiency in the cold HI gas ( Gio yanelli & HavnesI 
119851: ICavatte et al.| [T990; Solanes et al. 2001*) of many spiral 
galaxies in local clusters. It is possible that on the front of 
compression of the cold g as due to ram-pressure a burst of star 
formation is induced (e.g. lGavazzi & Jaffelll985l:lGavazzi et all 
|2003). Another gas-stripping process, that affects star for- 
mation on longer timescales (of few Gyrs) than ram-pressure, 
is the so-called 'strangulation' or 'starvation': assuming that 
galaxies are surrounded by a halo of hot diffuse gas, this can be 
remov ed when galaxies become satellites of large r dark matter 
halos dLarson et alJI 19801: iBalogh & Morrisll2000l) . Star forma- 
tion can continue consuming the cold disk gas, but will eventu- 
ally die out for the lack of supply of new fresh gas. 



The gas distribution, star formation activity and morphol- 
ogy of galaxies can be altered also via interaction with other 
galaxies. Mergers between two equally-massive gas-rich galax- 
ies can lead to the formation of a spheroidal system (e.g . 
iToomre & Toomrell972l:rBamesll988l:[Kauffmann et aljl993l . 
The merger can trigg er an intense burst of star formation (e.g. 
iKennicutt et aljl9"87l) . rapidly consumin g the cold gas a nd then 
exhausting due to feedback processes (Sp ringel et al.l l2005h . 
Merging and slow galaxy-galaxy encounters ar e favoured i n 
groups and in the infall region of clusters (e.g. lMossll2006l) . 
At higher densities, galaxies can be affected by the cumulative 
effect of several rapid encounters with othe r cluster members, a 
mechanism known as 'galaxy harassment' dMoore et al.lll998l) . 
After a transient burst of star formation, galaxy harassment 
leads to substantial change in morphology. This mechanism 
can start to operate at intermediate densities, inducing density 
fluctuations in the gas (Porter et al. 2008). 

1.3. Dust-obscured star formation in dense environments? 

The net effect of the various mechanisms of interaction of 
galaxies with environment is an accelerated depletion or ex- 
haustion of the gas reservoir and hence a suppression of the star 
formation activity. Many of these mechanisms, however, can 
lead to a temporary enhancement of star formation, either due 
to gas compression (e.g. ram-pressure) or density fluctuations 
that funnel the gas toward the center triggering nuclear activity 
(e.g. tidal interactions). The gas and dust column density is 
likely to increase during such processes and star formation can 
be to a large extent obscured and escape optical detection. Star 
formation indicators that are not affected by dust attenuation 
need to be adopted in order to quantify the occurrence of these 
obscured star formation episodes. 

Already several studies based on observations in the ther- 
mal infrared (IR) or in the radio have identified significant 
populations of IR-bright or radio-bright galaxies in the outer 
regi ons of nearby and intermediate-redshift galaxy clusters 
re.g.lSmail et al 1 11999': iMiUer & Owenl|2002l 120031: lBesil2004l: 
ICoia et al.ll20'05l) TlMiller & Owen (200l) find that up to 20% 
of the galaxies in 20 nearby Abell clusters have centrally- 
concentrated dust-obscured star formation. These galaxies 
have different spatial distribution with respect to normal star- 
forming galaxies or active galactic nuclei (AGN): they are 
preferentially found in intermediate-densi ty reg ions. In the 
A901/902 cluster at z = 0.165, IWolf etalj d2005l) have identi- 
fied an excess of dusty red galaxies with young stellar popula- 
tions in the intermediate-density, infalling region of the cluster. 
Other studies have identifi ed a population of red star-forming 
galaxi es both in the fiel d dHammer et alj [19971) and in clus- 
ters ( Verdugo et al. 2008). These galaxies could be mistakenly 
classi fied as post-starburst on the basis of their weak emission 
lines dPoggianti et alj|1999l: iBekki et alj|2001h . It is interest- 
ing to notice that populations of red, IR-bright star-for ming 
galax i es are often found in filaments (e.g. Fadda et al. 20001 



ters (e.g.lMiller & Owenii2003l: iGeach et al.ll2006l: iMoran et all 



l2008t iPOTter et al. 2008) and i n unvirialized or merging clus- 
Lle^ilM 

l2007h . Significant populations of starburst, IR-bright galaxies 
have been also found in a dynamically young cluster at z = 0.83 
by Marcillac et al. (2007). These s ystems co uld in fact be more 
abundant at higher redshift dSaintonge et al 1 2008) as expected 
from the increase in cosmic star formation activity. Recently, 
lElbaz et aL I (l2007l) have shown that the detection of these galax- 
ies with the use of dust-independent SFR indicators can even 
lead to a reversal of the star-formation-density relation at z ~ 1 . 
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In this work we want to explore as a function of local galaxy 
density the importance in the local Universe of the star forma- 
tion 'hidden' among red galaxies, that would be missed by opti- 
cal, dust-sensitive SFR indicators. Uniquely, we wish to push to 
modest SFRs O.2M0 yr"'), in order to constrain the star for- 
mation mode of typical (not rare starbursting) systems. There 
are two key requirements for such a study: 1) obscuration-free 
SFR indicators, ideally given by the combination of deep ther- 
mal IR and UV, in order to obtain a complete census of the 
total (obscured and unobscured) SFR; 2) a long baseline in en- 
vironmental density covering from the cluster cores to the field 
in order to quantitatively characterize the SFR-density relation. 
We analyse the COMBO- 17 CDFS and A901 fields at z < 0.3, 
complementing the UV/optical photometry from COMBO- 17 
with Spitzer lAfiva data and with HST V-band imaging from the 
Galaxy Evolution from Morphology and SEDs (GEMS) survey 
and the Space Telescope A901/902 Galaxy Evolution Survey 
(STAGES). The A901 field is particularly interesting in that 
it contains the supercluster A90 1/902 at z = 0.165, a complex 
system with four main substructures probably in the process 
of accreting or merging, where mechanisms altering the star 
formation and morphological propert i es of galaxies might be 
favou red (e.g. iGrav et al.ll2002L llooi I^OOsTlWolf et"alTl2005l 
l2007HHevmans et al.ll2008l)" 

We present the sample and the data in Section 12.11 and de- 
scribe the derivation of SFR and environmental density in Sec- 
tions |22] and |231 After discussing the classification into star- 
forming and quiescent galaxies in Section [TT] we explore the 
dependence on local galaxy density of the fraction of (obscured 
and unobscured) star-forming galaxies and their contribution 
to the total star-formation activity as a function of environ- 
ment (Section [372] l. The properties of red star-forming galaxies, 
such as their SFR, mass, morphology and dust attenuation, are 
compared to those of unobscured star-forming galaxies in Sec- 
tion 13.31 We summarize and discuss our results in Section |4] 
Throughout the paper we assume a cosmology with iln, = 0.3, 
r^A = 0.7 and Ho = 70km s"' Mpc"'. 

2. THE DATA 

We describe here the sample analysed and the data available. 
Based on this, we describe the measurement of derived param- 
eters such as stellar mass, star formation rate (SFR) and envi- 
ronmental density. 

2.1. The sample and the data 

The sample analysed is drawn from two southern fields, the 
extended Chandra Deep Field South and th e A901 field, cov- 
ered in optical by the COMBO- 17 survey dWolf et alj l2003h 
and at lAum by MIPS on board the Spitzer Space Telescope 
jRieke et al.l .2004). combo- 17 has imaged three 34' x 33' 
fields (CDFS, A901, Sll) down to R - 24 in 5 broad and 12 
medium bands sampling the optical spectral energy distribution 
(SED) from 3500 to 9300A. The 17-passband photometry in 
conjunction with a library of galaxy, star and AGN template 
spectra has allowed object classification and redshift assign- 
ment for 99% of the objects, with a redshift accuracy of typ- 
ically &/(l +z) - 0.02. 

Spitzer has imaged at 24pm a field of 1 deg x0.5deg around 
CDFS as part of the MIPS Guaranteed Time Observations 
(GTOs) and an equally-sized field around the Abell 901/902 
supercluster (A901 field) as part of Spitzer GO-3294- (PI: Bell). 
The data have been acquired in a scan-map mode with individ- 
ual exposures of 10 s. In CDFS, the 24^m data reach a 5ct depth 



of 83/iJy (see iPapovich et ai1l2004 for a technical description 
of source detection and photometry). In A901, the same ex- 
posure time reached a 5(7 depth of 97/iJy, owing to the high 
contribution of zodiacal light at its near-ecliptic position. In 
what follows, we use both catalogues to 83/iJy (5(7 and 4a for 
CDFS and A901, respectively), noting that our conclusions are 
little affected if we adopt brighter limits for sample selection. 
The 24pm sources have been matched to galaxies with a photo- 
metric redshift estimate in the COMBO- 17 catalogue, adopting 
a 1" matching radius. We omit sources within 4' of the bright 
M8 Mira variable IRAS 09540-0946 to reduce contamination 
from spurious sources in the wings of its PSF 

The A901 COMBO- 17 field hosts the cluster complex A90 1/902 
composed by the substructures A901a, A901b, A902 and the 
SW group at a redshift of z = 0.165 within a projected area 
of 5 X 5 Mpc^ h^Q. A quarter square degree field centered 
on the A90 1/902 supercluster has been imaged in the filter 
F606W with the HST Advanced Camera for Surveys (ACS) 
producing a 80 o rbit mosaic, as part of the STAGES survey 
(iGrav et alJl2008h . An area of 800 square arcminutes centered 
on the extended CDFS has also been imaged with HST ACS in 
the F6 06W and F850LP filters, as part of the GEMS program 
dRix et al. 2004). In the GEMS survey object detection was car- 
ried out using the SExtractor software ( Bertin & Arnoutslll996h 
in a dual co nfiguration tha t optimizes deblending an d detection 
threshold (Caldwell et al. 2008). As described in iGrav et all 
(2008), a similar strategy for source detection has been adopted 
in the STAGES survey. Both GEMS and STAGES imaging 
data have been processed using the pipeline GALAPAGOS (M. 
Barden et al. 2009, in prep.), which performs profile fitting 
and extract Sersic indices (that we then use to morphologi- 
cally characterise our sample) with the GALFIT fitting code 
dPeng et alj|2002l) . 

X-ray data are also available for both the CDFS and the A901 
field. X-ray data for the CDFS are available from the ^ IMs 
Chand ra point source catalogue published by [Alexander et al.l 
(l2003h . The A901 field has been imaged by XMM with a 
90 ks exposure and the catalogue is presented in lGilmour et al.l 
(l2007h . We use the X-ray information to identify possible 
AGN contribution among star-forming galaxies. To account 
for the different sensitivity of Chandra and XMM, we consider 
only sources with full band flux > 1.8 x 10~'^erg cm"^ s"', the 
faintest flux reached in the A901 field. 

In this work we wish to study the dependence on environ- 
ment of the star formation properties of low-redshift galaxies. 
To this purpose, we define a sample of galaxies in the redshift 
range 0.05 < z < 0.3 from the CDFS and A901 fields (lim- 
ited to the areas covered completely by Spitzer and COMBO- 
17), down to an absolute magnitude of My < -18 (limited to 
those objects classified as galaxies by COMBO- 17). The sam- 
ple peaks at an apparent magnitude of mR 21, covering the 
range 18 < mR < 23, with a (magnitude-dependent) redshift ac- 
curacy of (Tr ^ ,0-02 f or the majority of the galaxies, with a tail 
up to 0.05 (I Wolf et al.i2004l2(j05b . The total sample comprises 
1865 galaxies (1390 in flie A901 field and 475 in the CDFS), of 
which 601 have a detection at 24pm above the 5a level. 

We will sometimes refer to 'cluster' and 'field' s ample . The 
'cluster' sample is defined following Wolf et all (l2005l) . i.e. 
galaxies in the A901 field with redshift 0.155 < z < 0.185, and 
it includes 647 galaxies. With this selection of the bright-end of 
the cluster population, the completeness reaches about the 92% 
level down to a magnitude of R ^ 23, but the contamination also 
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rises to 40% (while it keeps below 20% for magnitudes brighter 
than R = 22). The 'field' sample is defined on the A901 field in 
the redshift ranges 0.05 < z < 0.125 and 0.215 < z < 0.3, and 
on the CDFS over the entire redshift range 0.05 < z < 0.3, with 
a total of 981 galaxies. 

2.2. Stellar mass and star formation rate 

Stellar m ass estimates have been derived as outlined in 
iBorch et"an (i2006) . using a set of template SEDs generated 
with the Pegase code, based on a library of three-component 
model star formation histories (SFHs), devised in such a way 
to reprod uce the sequence of UV-optical template spectra col- 
lected bv lKinnev etalld 19961) . The best-fitting SED, and hence 
stellar mass-to-light ratio (M*/L), is obtained comparing the 
model colors with t he observed ones. Stellar masses were 
derived adopting a Kroupa et al. (1 9931) initial m ass function 
(IMF). Adopting a Ki'oup a ( 2001 .) or IChabriej (|2003) IMF 
would yield differences in stellar mass of less than 10%. Ran- 
dom errors amount to < 0.3 dex on a galaxy-by-galaxy basis, 
while systematic uncertainties are typically of 0. 1 dex for old 
stellar populatio ns and up to .5 dex for galaxies with strong 
bursts (see also Bell et 



1 up to U .: 
al.ll2007h . 



The best indicator of the galaxy SFR combines the bolomet- 
ric IR luminosity, assuming that it represents the bolometric 
luminosity of totally obscured young stars, and total UV lumi- 
nosity or recombination lines such as Ha that trace instead the 
emission from unobscured young stars, thus giving a complete 
cens us of the luminosity emitted b y young stars in a galaxy 
(e.g. lBeill2003l; ICalzetti et al.ll2007l) . The infrared data, com- 
bined with the NUV-optical COMBO- 17 SED allows us to use 
such a SFR indicator. For this, we need first to estimate total 
UV and IR luminosities from monochromatic information. 

To measure the total IR flux id eally we would need measure- 
ments at longer wavelengths (e.g. Helou et al. 1988; Dal e & Heloul 
I2OO2I) . We only have data in the 24/im MIPS passband which 
provides us with luminosities at rest-frame wavelength ~ 
23- 18.5/im for the redshift interval 0.05-0.3. The monochro- 
matic 12/im-24/im luminosity correlates well with the total IR 
luminosity, althoug h it has some residual dependence on the 
gas metaUicity (e.g . iPapovich & Beill2002l; iRelano et alj|2007t 
ICalzetti et al.1 120071) . To convert the 24/im luminosity into to- 
tal IR luminosity (8- 1000/im) we use the Sbc templat e of the 
normal star-forming galaxy VCC 1987 from Devrien dt et al.l 
( II999I) . While there is certainly an intrinsic diversity in infrared 
spectral shape at given luminosity or stellar mass, this results in 
a < 0.3dex unce rtainty in total IR lumi nosity, as inferred using 
the full range of iDevriendt et alj ( Il999h templates. 

The total UV luminosity (1216-3000A) is estimated from 
the luminosity /i,,2800 in the COMBO- 1 7 synthetic band centered 
at 2800A as Luv = 1 ■5iyli,.2m)- The rest-frame 2800A band falls 
blueward of the observed COMBO- 17 U-band (centered at rest- 
frame 3650A) for galaxies at z < 0.3. The rest-frame luminosity 
at 2800A thus requires an extrapolation of the best-fit model 
over about 200A at the average redshift z ~ 0.2 of the sample. 
The factor of 1 .5 in the definition of Luv accounts for the UV 
spect ral shape of a 100 -Myr old stellar population with constant 
SFR (iBeU et al.ll2065h . 

We then translate UV and IR luminosities into SFR estimates 
following the calibration derived by B ell et a l. (2005) from the 
Pegase stellar population synthesis code, assuming a 100-Myr 
old stellar population and a lKroupal (1200 Ih IMF: 

SFR[MQyr-^] = 9.8 x 10""(L/r + 2.2L£/v) (1) 



This calibration has been derived by i Bell et all ( |2005[) under 
the sa me assumptions adopted in the caUbration of Kennicut3 
(1199^) : the two calibrations yield SFRs that agree within < 
30%. The factor of 2.2 in front of the Luv term in Equation[T] 
accounts for the light emitted by young stars redward of 3000A 
and blueward of 1216A. We adopt Equation [1] to estimate the 
SFR for all galaxies detected at 24/im. For galaxies which have 
upper limits to the 24/im flux, we omit the IR contribution and 
consider only the UV-optical emission. This is a rather conser- 
vative approach: the SFR of MIPS -undetected galaxies calcu- 
lated in this way represents a lower limit to the true SFR. On the 
other hand, including the Ljr term calculated on the basis of the 
upper limit flux of 83/tJy would overestimate the true SFRs of 
undetected galaxies. 

We note that the adopted calibration relies on the assump- 
tion that the infrared luminosity traces the emission from young 
stars only. There are few caveats to this assumption. Nuclear 
activity can also be responsible for at least part of the IR emis- 
sion. X-ray data and optical identification of type-1 QSOs on 
both CDFS and A901 allow us to identify and exclude many 
AGNs from the sample, but we cannot exclude s ome contam- 
ination from obscured, Compton-thick AGNs. iRisaliti et al.l 
(Il999l) find that among local Seyfert 2 galaxies about 75% 
are heavily obscured (with hydrogen column densities Nh > 
lO^^cm-^) and -50% are Compton-thick (Nh > lO^'^cm'^). 
Among all 24//m-detected galaxies in our sample only —3% 
are also X-ray detected. Given the relatively faint limit reached 
in X-ray (Lx > lO'^'erg cm"^ s"' ), it is reasonable to assume that 
we potentially miss Compton-thick sources. Therefore, we ex- 
pect only a —3% contribution by Compton-thick AGNs. More- 
over, the presence of an AGN does not necessarily imply that it 
dominates the total infrared luminosity ( iRowan-Robinson et al.l 
2005h. Indeed A. R. Robain a et al.(2009, in prep.), based on 



Ramos Almeida et alj (|2007|) data and analysis, estimate that 
type-2 AGNs contribute only '^26% of the total IR luminosity 
of their host galaxy. 

In early-type galaxies circumstellar dust aroun d red giant 
stars is exp ected to contribute to the mid-IR flux (see lTemi et al.l 
I2OO5L I2OO7 , about the sensitivity of IR bands to different dust 
components in early-type galaxies). Nevertheless the mid- 
IR in early-type galaxies can detect the presence of interme- 
diate age st ars and small amounts of ongoing star formation 
dBressan et al. 2007; Young et al. 2008). As we discuss in 
Sec. 13.11 the majority of the early-type red-sequence galaxies 
are not detected at 24/tm. For those that are detected the SFR 
derived assuming that their IR luminosity traces young stellar 
populations is in any case not sufficient to classify them as star- 
forming galaxies. 

There are some caveats also in the use of UV luminosity 
as tracer of young stars for early-type galaxies. While UV 
can help to detect recent episodes of low-level star forma- 
tion, it can also be affected by evolved stellar populations (e.g. 
[Rogers et al., 2007) . These mainly contribute to the UV upturn 
at 1200A, i.e. at shorter wavelength than what we use, and 
therefore should not be a concern for the UV luminosities (and 
SFRs) derived in this work. 

We thus believe that the caveats mentioned above do not ap- 
preciably affect the classification into star-forming and quies- 
cent galaxies used in this work (see Sec. 13.11 ) and our results. 
The combination of near-UV and deep 24/im data is indeed a 
powerful tool to detect unobscured and obscured star formation 
not only for starbursting galaxies but also in the regime of nor- 
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mal star-forming galaxies. 

2.3. Environmental density 

The combination of the CDFS and of the A901 field, host- 
ing the A901/902 supercluster, provides us with a large dy- 
namic range of galaxy environments. As mentioned above, 
we have a well-defined cluster sample, composed of galaxies 
within ±0.015 of the redshift of the cluster down to a magni- 
tude of My < -18, and a comparison field sample. However, 
we wish to characterise the environmental galaxy density in a 
continuous way, such that it allows us to exploit the long base- 
line provided by the two fields. 

We estimate the environmental density in a cylinder cen- 
tered at the position of each galaxy in the sample, and express 
it in terms of overdensity with respect to an average redshift- 
dependent background density. The average background den- 
sity, pn, is calculated combining the three COMBO- 17 fields, 
in redshift intervals of width 0.1. In each redshift bin the total 
number of galaxies, including all objects classified as Jgalaxy' 
down to R = 23.5 and correcting for completenessO is di- 
vided by the volume given by the total field area and the red- 
shift depth. For each galaxy in the sample, the local density 
is obtained by counting the number Ngai of galaxies (down to 
R = 23.5, correcting for completeness), in a cylinder centered at 
the position of the galaxy of radius 0.25 Mpc and depth given 
by the photometric redshift error for that galaxy (> 0.015), and 
dividing by the volume V of the cylinder corrected for edge 
effects. The local number density is then normalized to the 
average background density interpolated at the redshift of the 
galaxy. The local overdensity is then expressed as: 



This estimate ranges from -1 for very underdense regions, to 
for average-density regions up to > 4 for the densities char- 
acteristic of the cluster. 

Because of the relatively large errors associated to photomet- 
ric redshifts (compared to spectroscopic ones) the galaxy den- 
sity is effectively measured in volumes that extend > 80 Mpc 
along the line of sight. In this respect the local density adopted 
here represents a hybrid between projected density estimates 
(which neglect redshift information) and spectroscopic esti- 
mates (which smooth over much smaller scales of < 8 Mpc). 
Thus, local densities calculated with photometric redshifts are 
biased toward the cosmic mean and suffer on a galaxy-by- 
galaxy basis from contamin ation from low-den sity interlopers 
in high-density regions (see lCooper et al.|[2005 , for a compari- 
son of different density indicators). To quantify this effect, we 
have tested the density measures defined in Equation |2] against 
mock galaxy catalogues (containing superclusters similar to 
A901/902), applying the completeness of the COMBO- 17 sur- 
vey. Using Equation |2] we have measured on the mock cata- 
logues 'observed' overdensities assuming realistic photometric 
redshift errors (those achieved with COMBO- 17, allowing also 
for catastrophic errors), and 'real' overdensities assuming the 
real observed redshift (including the peculiar velocity) and a 
redshift depth of 3 x 10"^. The 'observed' overdensities give 
a density ranking similar to the 'real' overdensities, almost in- 
dependently of galaxy luminosity and redshift. However, the 
magnitude of the 'observed' overdensities is almost a factor of 

'Galaxy completeness maps were estimated fro m simulations as a function of 
aperture magnitude, redshift and U-V color fsee lWolf et alJ2004l for a detailed 
discussion). 



10 lower than the 'real' overdensities, owing to the difference 
in redshift path used to calculate the overdensity. 

For galaxies in the A901/902 cluster, we could also com- 
pare our density estimates to other independent density esti- 
mators. Specifically, we compared with the projected galaxy 
density Sio as defined by IWolf et alj (|2007|) . which measures 
the number density of galaxies in an adaptive aperture of radius 
given by the average of the distance to the 9''' and 10''' nearest 
neighbour. The lower panel of Fig. [1] shows a good correlation 
between Sio and the galaxy overdensity 5^ measured in a fixed 
aperture. 

The upper panel of Fig. [T| compares (5n with a measure 
of the total surface mass densi ty from a weak lensi ng analy- 
sis of t he HST STAGE S data dHevmans et 111120081) . In this 
analysis iHevmans et al.l (l2008h present a pixelated map of the 
smoothed projected dark matter surface mass density k of the 
A901/902 cluster along with noise a„ and systematic error maps 
B, i n order to assess the reliability of each feature. Follow- 
ing Ivan Waerbekd (l2000t) we define a lensing density mea- 
sure 1/ = k/(7„ for the pixel region around each galaxy that 
corresponds to 20 x 20kpc^. For ly >> I we can calcu- 
late a corresponding mass estimate, following equation 4 in 
iHevmans et al.l (l2008h . where a galaxy with a lensing density 
measure i/ = 4, for example, is enclosed in a local dark matter 
mass of M(< 20kpc)= 1 x 1O"M0. For < 1 we enter a low to 
underdense regime, with the most negative regions sho wing the 
location of voids (Jain & Van Waerbeke .2000; Mivazaki et al.l 
I2OOI . 

In this paper we are particularly interested in the low to inter- 
mediate density regions of the A90 1/902 cluster Unfortunately 
for the weak lensing analysis however, it is these lower density 
regions where systematic errors become impor tant. We there- 
fore in troduce a selection criteria, following IHevmans et al.l 
( I2OO8I) . that the lensing density estimate v is deemed reliable 
if the systematic error B is either comparable to the noise cr„ 
or less than half the amplitude of the signal k. Fig. [T] shows 
unreliable measures as open points. Comparing the reliable 
lensing density measurements i/ (filled points) with (5n shows 
a good correlation between these two environment variables. 
Taking only those galaxies with a reliable lensing measure, we 
show, in the lower-left panel of Fig.|2] the position in the sky of 
the A901/902 cluster galaxies, color-coded according to their 
v value as indicated in the upper-left panel. The corresponding 
right-hand panels refer to the galaxy overdensity (5n. We note in 
particular that the two dark matter peaks corresponding to the 
A901a and A902 cores are also identified as peaks in the galaxy 
distribution. Galaxies in these regions follow the main relation 
between and (5n shown in the upper panels of Fig. [T] The 
A901b core and SW group are instead associated to a lower 
galaxy density and show a larger spread to higher 1/ values at 
fixed (5n that is not completely explained by larger errors on v. 

Whilst weak gravitational lensing techniques can provide a 
direct measure of the total matter density, this environment 
variable is integrated along the line of sight with contributions 
from mass at all redshifts. In the case of the A90 1/902 clus- 
ter it is a reasonable approximation to place a ll the measured 
mass at the redshift of A901/902 as shown bv Hevm ans et al.l 
(2008) who find that the mass of this supercluster is signifi- 
cantly larger t han the known gala xy groups and the CBI cluster 
behind A902 (i Tavlor et aT]|2004 . However in the case of the 
CDFS field, mass is distributed fairly equally along the line of 
sight at relatively low density. It would therefore be very diffi- 
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cult to obtain a local matter density measure for this field from 
a w eak lensing analysis e ven with the HST imaging that exists 
(see lHevmans et al]|2005h . For this reason we favour using 5^ 
as it permits local density measurements in both the field and 
cluster environments. 

We note that the large redshift depth assumed in the density 
measure affects in particular the cluster sample, for which one 
would expect overdensities higher by about an order of magni- 
tude. In what follows, however, we keep also for cluster galax- 
ies the overdensities estimated over a depth set by the photo- 
metric redshift error, since we want to study cluster and field 
galaxies simultaneously with a consistent density measure. The 
distribution in density 5^ for the sample as a whole is shown in 
Fig. [3] The dashed and dotted lines distinguish cluster galaxies 
from the field sample. As expected the field sample is con- 
centrated in environments with density similar to or below the 
average background density. Cluster galaxies instead dominate 
at densities above &^^2. 

3. RESULTS 

We now describe the classification of galaxies on the basis 
of their star formation rate and optical color, that we will use 
throughout the paper (Sec. 13. 11 1. Unless otherwise specified, the 
terms 'red star-forming' and 'obscured star-forming' used in 
the text refer to the same class of galaxies. We then investigate 
how the fraction of star-forming galaxies depends on galaxy 
environment, with particular attention to the extent of star for- 
mation 'hidden' among red-sequence galaxies (Sec. 13.21 ). In 
Sec. |3.3| we analyse the star formation properties, morphology, 
and dust attenuation of red star-forming galaxies, as opposed to 
quiescent ellipticals and blue-cloud galaxies, as a function of 
environment. 
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Fig. 2. — Lower panels: position on the sky of tlie A901/902 cluster galax- 
ies, color-coded according to their environmental density, expressed either as 
dark matter density v (left) or as galaxy number overdensity (5n (right). The 
small dots refer to all COMBO- 17 My < -18 galaxies in the A901/902 cluster. 
The sample analysed is Hmited to galaxies covered completely by COMBO- 17 
and Spitzer. Grey empty circles ai'e galaxies with an unreliable v measures. 
The galaxies of interest in this comparison, i.e. those with reliable v values, 
are represented with filled colored circles. Upper panels: relation between v 
and 5n . The different colors indicate the density ranges in which galaxies are 
sorted in the corresponding lower panels. 
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Fig. 1 . — The local number overdensity 5n used in this work is compared to 
the surface number density Sio (lower panel) and to the surface mass density 
from weak lensing, as expressed by the parameter v = k/ct„ (upper panel). In 
the upper panel empty grey circles indicate galaxies for which the dark matter 
density measure is not reliable because dominated by noise or systematics (see 
text). The comparison is performed only on galaxies in the A901/902 cluster. 



Fig. 3. — Distribution in local density (5n for the sample as a whole (solid 
line), and then split into 'cluster' (dashed line) and 'field' galaxies (dotted 
line). 
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3.1. Galaxy classes 

Fig. |4] shows the distribution in the color-magnitude plane 
of galaxies in the A901/902 cluster (left panel) compared to 
galaxies in the field (right panel). The solid line indicates the 
magnitude-dependent color cut adopted to classify galaxies as 
red-sequence (redward of the line) or blue-cloud galaxies (blue- 
ward of the line). The cut is set 0.25 mag blue ward of the color- 
magnitude relation fitted bv lBell et al.l ( 20041) on the combined 
A901H-CDFS fields at 0.2 < z < 0.3. Although the exact frac- 
tion of blue/red galaxies depends on the chosen color cut, it 
makes a little difference as long as the cut lies in the 'gap' be- 
tween the 'blue' and the 'red' peaks of the color distribution. 
Grey circles represent galaxies detected at 24/im, with symbol 
size scaling according to their total IR luminosity. While we are 
not surprised to find a large number of 24/xm-emitting galaxies 
in the blue cloud, especially in the field, it is also noticeable 
a significant contamination of the cluster red sequence by IR- 
luminous galaxies. A fraction of the IR luminosity may come 
from AGNs, although we notice that only a small number of IR- 
luminous red-sequence galaxies are identified as X-ray sources 
(large squares). We cannot exclude some contamination by ob- 
scured, Compton-thick AGNs, but we believe this is only a few 
percent (see Section l272] l. Fig. |4] illustrates that 24/im informa- 
tion allows us to reveal a significant number of red-sequence 
galaxies with infrared luminosity in excess of lO'^'L©, witness- 
ing to a large extent ongoing star formation activity onto the 
red sequence, that would be otherwise undetected (or at least 
underestimated) because obscured by dust. 

Before exploring the properties of red IR-luminous galaxies 
and their importance in terms of the total star formation budget 
as a function of environment, we define our classification into 
quiescent and star-forming galaxies, further distinguished into 
red and blue. We concentrate on galaxies more massive than 
IO'^Mq, thus sampling the high-mass end of the mass function 
above which the red-sequence completeness is guaranteed up to 
redshift 0.3 (Borch et al. 2006). We set a threshold in specific 
SFR of log(SFR/M,) = -10.7, which corresponds to a level of 
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Fig. 4. — Rest-frame color-magnitude diagram for cluster galaxies (left) and 
for field galaxies (right). Grey circles represent galaxies detected at 24^m, 
with symbol size scaling according to the total IR luminosity. Large squares 
indicate galaxies associated to X-ray sources. There is a significant fraction of 
24/im emitting galaxies (with IR luminosity also in excess of 10'OLq) pop- 
ulating the cluster red sequence (solid line), in particular with masses greater 
than IO'^Mq (dotted line). 



Star formation of 0.2 M0 yr~' at the mass limit. We thus define 
galaxies as 'quiescent' or 'star-forming' depending on whether 
their specific SFR is below or above this level, respectively. We 
then separate 'red SF' and 'blue SF' galaxies according to the 
magnitude-dependent red-sequence cut shown in Fig.|4] 

The choice of the specific SFR limit is justified by the fact 
that the distribution of the massive galaxies in the sample in 
specific SFR (as measured in Equation [T]l is bimodal and the 
two peaks separate at a value of ~ -10.7, which is also very 
close to the mean value of specific SFR for this sample. This 
is clearly shown in the right-hand panel of Fig. |5] As discussed 
in Sec. 12.21 for galaxies with IR flux below the upper limit of 
83/iJy we estimate SFR only from their UV luminosity. If we 
included the IR term also for these galaxies the distribution 
would no longer be bimodal, and the mean value of specific 
SFR would be log(SFR/M,) - -10.6. We decide to keep the 
conservative approach of using the lower limit SFR for galaxies 
not detected at 24/im, however we will mention when relevant 
how the results would change if we used instead the upper limit 
SFR (i.e. adopting the 24/im upper limit flux of 83/iJy to esti- 
mate LiR for non-detections). 

Figure |5] (left panel) describes our classification for the 689 
massive galaxies in the sample, showing their distribution in 
specific SFR against the rest-frame U -V color Quiescent 
galaxies (below log(SFR/M») = -10.7, dashed line) are shown 
as black diamonds and almost all of them belong to the red 
sequence. Star-forming galaxies (above the dashed line) are 
distinguished into blue-cloud galaxies (light grey triangles) and 
red-sequence galaxies (dark grey circles). About 60% of the 
sample is classified as quiescent (406 galaxies), the remaining 
is divided into 77 red SF and 206 blue SF galaxies. Galaxies 
that have a detection at 24/im are highlighted with filled sym- 
bols. We note that all the red SF galaxies have 24/tm detection, 
while 13% of the blue SF galaxies are not MIPS detected (their 
UV-based SFR is thus more properly a lower limit to the to- 
tal SFR). Among the quiescent galaxies, 81 have detectable IR 
emission. Few of the 24/im-detected quiescent galaxies are as- 
signed a specific SFR higher than expected on the basis of their 
color, but it is not clear whether the IR emission in these cases 
is truly indicative of low level of star formation or ra ther comes 
from circumstellar dust in red giant stars (but see iTemi et aTl 
I20071I2008 -) or from an AGN (although none of these galaxies 
is associated to an X-ray source, as shown by the large squares). 
In any case, even assuming that the IR emission in these galax- 
ies is associated to young stars it is not enough to classify them 
as star-forming. 

It is worth mentioning that the location of galaxies in the 
specific SFR versus U-V plane is independent of environment, 
with only the relative importance of blue SF/red SF/quiescent 
galaxies changing with environment, as we discuss in Fig. |6] 
below. 

The apparent gap in specific SFR in Fig. |5] between IR- 
detected and IR-undetected galaxies is due to the drop of the 
LiR term in Equation[T]in the latter case. Adopting an IR lumi- 
nosity for IR-undetected galaxies given by the upper limit flux 
of 83/iJy would increase the specific SFR of these galaxies and 
fill in the gap somewhat. While this would have a small ef- 
fect on the number of blue star-forming galaxies (because their 
SFRs are already above the threshold even when not detected at 
24/tm), the number of red-sequence galaxies classified as star- 
forming would increase at the expense of quiescent galaxies. 
More quantitatively, adopting the upper limits on SFR and a 
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specific SFR threshold of log(SFR/M*) = -10.7 (as in our de- 
fault case) or -10.6 (the mean value for the 'upper limit' spe- 
cific SFRs), the number of red SF galaxies would increase to 
170 or 126, respectively, while the number of quiescent galax- 
ies would decrease to 299 or 347, respectively (note that in this 
case the selection would be more sensitive to the exact cut in 
specific SFR adopted). 

We certainly expect a number of star-forming galaxies to 
have colors as red as red-sequence galaxies simply due to in- 
clination effects. We have visually inspected the STAGES and 
GEMS V-band images of the red SF galaxies in our sample. 
We found that 19% of them appear as edge-on spirals with dust 
lanes on the plane of the disc. These galaxies might be classi- 
fied as blue SF if viewed with a different angle. Another 10% 
of the red SF galaxies are inclined spirals but with irregular 
structure (also in the dust), so it is not clear what the inclina- 
tion effects in these cases are. We conclude that undisturbed 
edge-on spirals can account for no more than 30% of the red 
SF galaxies in our sample. There must be an excess popula- 
tion that accounts for the full sample of red SF galaxies, either 
old galaxies with some residual star formation or galaxies with 
inclination-independent dust obscuration or a combination of 
both, as we discuss in Section [33l 

3.2. Galaxy fractions versus environmental density 

It is not obvious from Fig. |4] whether the abundance of 24/im 
sources 'hidden' among red-sequence galaxies is a feature char- 
acteristic of the cluster or whether these sources represent a 
ubiquitous population. We explore the possible environmental 
dependence in Fig. |6l Here we do not separate galaxies be- 
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Fig. 5. — Left panel: Specific SFR against optical color for the massive 
galaxies (M» > IO'^Mq) in the sample. The dashed line indicates the level 
of specific SFR below which galaxies are classified as 'quiescent' (black dia- 
monds). Above log (SFR/M») = —10.7 'star-forming' galaxies are then sepa- 
rated into red-sequence (dark grey circles) and blue-cloud galaxies (hght grey 
triangles). Most of the massive star-forming galaxies have detectable emis- 
sion at 24/im (highlighted by filled symbols). X-ray sources are indicated 
with large squares. The apparent gap in specific SFR is due to the fact that 
we use only the UV/optical term in Equation [T]to estimate SFR for galaxies 
not detected at 24/tm (see text). Right panel: Distribution in specific SFR for 
the whole sample of massive galaxies. The bimodal distribution motivates the 
choice of a cut in specific SFR at log (SFR/M.) = -10.7. 



tween 'cluster' and 'field', instead we use the continuous def- 
inition of environment given by Equation [2] The lower pan- 
els of Fig. |6] show the relation between optical color and stel- 
lar mass for galaxies in three disjoint density regimes, namely 
low-density environments with (5n< 1.5, intermediate-density 
environments with 1.5 <(5n< 3.5, and high-density environ- 
ments with (5n> 3.5. Different symbols distinguish the three 
classes of galaxies defined above (galaxies associated to an 
X-ray source are indicated with a square): quiescent galaxies 
(black diamonds), blue SF galaxies (blue triangles) and red SF 
galaxies (orange circles). We are particularly interested in the 
latter class of galaxies, which represents the class of obscured 
star-forming galaxies, in comparison to the 'unobscured' class, 
i.e. those galaxies identified as star-forming also in the optical. 
Red SF galaxies tend to populate the low-mass end of the red- 
sequence and their mass range does not evolve with environ- 
ment, as opposed to quiescent galaxies. At fixed stellar mass, 
red SF galaxies are on average bluer than quiescent galaxies. 
We will explore these properties in Section l33] 

The upper panel of Fig. |6] shows the fraction of blue (un- 
obscured) SF and of red (obscured) SF galaxies among all 
M» > 1O'"M0 galaxies as a function of density. Galaxy frac- 
tions are calculated as follows. We first order galaxies with 
increasing (5n values. For each galaxy we then consider the 
neighbouring galaxies within a given window in density (±0.5 
of the central value) and calculate the fraction of a given type 
of galaxies among this subsample. For galaxies in the first half 
bin of (5n we do not measure fractions but we set their values 
to the first value actually measured (at (5n= -0.5). The width of 
the density bin is kept constant until a sufficient number (100) 
of galaxies fall in that bin. At higher densities, where the sam- 
pling is sparser, we let the bin width vary in order to enclose 100 
neighbouring galaxies (50 at lower densities and 50 at higher 
densities)0 When there are not anymore enough neighbouring 
galaxies we set the fractions to the last measured values (this 
happens around a 6^ of 7). This procedure assures a signal-to- 
noise of at least 10 with small variation along the density axis. 
The shaded regions in the upper panel of Fig. |6] represent the 
Poisson uncertainty in the calculated fractions. 

The blue curve in Fig.|6]shows the environmental trend of the 
fraction of unobscured star-forming galaxies. As expected this 
fraction decreases significantly with density, from ~ 40% at the 
low densities typical of the field to ^ 10% in the densest envi- 
ronments of the cluster This trend reflects the well-known de- 
crease in the number of star-forming galaxies in clusters. When 
we add the contribution of star-forming galaxies that are on 
the red sequence, the overall fraction of star-forming galaxies 
among massive galaxies (green curve) is increased over the en- 
tire density range covered. What is interesting is that the con- 
tribution added by red SF galaxies is not constant with (5n, but 
produces an enhancement in the star-forming fraction in partic- 
ular at densities 1 .5 ^5^< 4. 

The orange curve in Fig. |6] shows the variation with density 
of the fraction of red SF galaxies. Contrary to blue SF galaxies, 
the decrease in the fraction of red SF galaxies with density is not 
monotonic. At the lowest densities of the field red SF galaxies 
represent about 15% of the total. After an initial decrease from 
the field toward higher densities, the fraction of red SF galaxies 
increases again to values between 15% and 25% over the den- 

^"The density range remains constant up to 5n~ 4, it increases to ±1 around (5n~ 
5. Above <5n= 5 the density range probed is skewed toward higher densities, but 
the contamination by lower-density galaxies does not increase. 
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sity range 2 <<^n^ 3, and then it settles to a value of <10% up 
to the highest densities of the cluster The bottom line of Fig.|6] 
is that red SF galaxies represent a non-negligible fraction of the 
whole galaxy population even at intermediate and high densi- 
ties. In particular there is an overabundance of red SF galaxies 
at intermediate densities where their contribution is comparable 
to that of blue SF galaxies. 

We have checked how the trend of red SF galaxies versus 
(5n would change if we changed the definition of 'star-forming' 
galaxies. If we included the IR term based on the 24/L(m up- 
per limit flux in the SFR estimate for MIPS -undetected galax- 
ies, there would be an overall increase in the fraction of red SF 
galaxies. This would affect mainly the high-density environ- 
ments (because of the higher abundance of red galaxies not de- 
tected at 24/^m, likely because genuinely old ellipticals), bring- 
ing the red SF fraction between 20% and 30% (the exact value 
depending on the specific SFR cut adopted). Even if this was 
correct, it would only strengthen our main point. 

We also checked that the trend in the red SF fraction with 
density is robust against contamination by edge-on dusty spi- 
rals. Even by removing the < 30% contribution by galaxies 
identified as edge-on spirals (see Sec. 13. It , we still detect an 
overabundance of red SF galaxies at intermediate densities and 
the qualitative behaviour with (5n does not change. 

In Fig.|2]we show again the fraction of obscured and unob- 
scured SF galaxies as a function of the continuous density mea- 
sure Sn as in Fig.|6]but distinguishing galaxies belonging to the 
A901/902 cluster (lower panel) and those living in the field (up- 
per panel). In the field sample alone there is only a weak signal 
of an excess of red SF galaxies at intermediate densities. The 
excess found in Fig.|6]for the sample as a whole is largely driven 
by cluster galaxies. Fig.|2]shows that red SF galaxies are a phe- 
nomenon more typical of the cluster environment, where their 
fraction is comparable to that of blue SF galaxies. Thus, not 
only the local galaxy number density but also the larger-scale 
environment plays a role in shaping the star formation activity 
and dust attenuation of galaxies. 

Fig. [8] illustrates the position on the sky of the cluster red 
SF galaxies (compared to blue SF and quiescent galaxies) in 
the three density ranges of Fig. |6l The grey scale shows the 
dark matter map , as expressed by the surface mass density k, 
reconstructed bv lHevmans et al.l fcoOSi) with the STAGES HST 
data. Low values are typical of the outskirts of the clus- 
ter, mainly populated by blue SF galaxies (left panel). High (5n 
values are instead typical of the four main supercluster cores 
and of the filamentary structures connecting them, traced by 
the quiescent galaxy population (right panel). Red SF galax- 
ies populate the medium-density regime, the infalling regions 
around the cluster cores, where episodes of obscured star for- 
mation mi ght be favoured ( middle panel). This supports the 
analysis of IWolf et all (|2005|) . who identified an overabundance 
in the medium-density regions of the A901/902 supercluster of 
dusty, intermediate-age, red galaxies, classified on the basis of 
their location in optical color-color diagrams. 

It is also of interest to ask what is the contribution in stel- 
lar mass and star formation activity of the different classes of 
galaxies. Fig. |9] shows the fraction of stellar mass contributed 
by M, > 1O'"M0 star-forming galaxies (green curve) as a func- 
tion of environmental density. As in Fig.|6]we distinguish star- 
forming galaxies on the red sequence (orange curve) and on the 
blue cloud (blue curve). The stellar mass fraction is calculated 
in the same way as the number fractions shown in Fig. |6] but 



weighting each galaxy by its stellar mass. The decline from low 
to high densities of the stellar mass fraction contributed by SF 
galaxies reflects the decline in their number density. The blue 
and orange dotted lines reproduce the number fraction of blue 
SF and red SF galaxies, respectively. At all (5n the fraction in 
mass of star-forming galaxies, either obscured or unobscured, 
is lower than the corresponding fraction in number This comes 
from the fact that star-forming galaxies are preferentially less 
massive than quiescent, elliptical galaxies. The effect becomes 
stronger at high densities (at least for red SF galaxies), where 
the mass function of quiescent early-type red-sequence galax- 
ies extends to higher masses. At low and intermediate densities 
the difference between the number and stellar mass fractions is 
lower for red SF galaxies than for blue SF galaxies, indicating a 
different stellar mass distribution of the two classes of galaxies, 
as we will show in Section [33] 

In Fig. [To] we investigate the amount of obscured star- 
formation over the total star formation activity as a function 
of environment. This is calculated as the fraction, weighted by 
SFR, of red SF galaxies over all SF galaxies, and it is shown by 
the solid curve and hatched region. For comparison, the dotted 
curve shows the number fraction of red SF galaxies among all 
SF galaxies. As expected the majority of the star formation 
activity resides in galaxies populating the blue-cloud, indepen- 
dently of environment. Nevertheless, there is a non negligible 
contribution, both in number and in total SFR, from obscured 
star-forming galaxies. In particular there is a clear excess of 
obscured star formation at intermediate densities (2 <(5n^ 4), 
where red SF galaxies constitute up to 40% of all SF galaxies 
and contribute between 25% and 35% of the whole star for- 
mation activity at those densities. At higher densities, red SF 
galaxies still make up ^40% of the whole SF class at these den- 
sities, but their contribution to the total star formation activity 
goes down to ^^20%. This suggests a small but detectable sup- 
pression of the SFR of high-density red SF galaxies compared 
to their intermediate-density counterparts. 

Finally, Fig. [TT] illustrates the amount of contamination on 
the red sequence from obscured star-forming galaxies. This is 
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Fig. 9. — Fractional contribution to tlie total stellar mass density from the 
sample of massive star-forming galaxies as a whole (green), and spHt into blue 
SF (blue) and red SF (orange). The hatched ai'ea around each curve indicates 
the associated uncertainty, calculated assuming a 0.3 dex error in stellar mass. 
For comparison, the blue and orange dotted lines reproduce the number frac- 
tions of blue SF and red SF galaxies, respectively, as shown in Fig. [6] 
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Fig. 6. — Bottom panels: Rest-frame U — V color against stellar mass for galaxies in low-density environments (left) compared to intermediate-density and 
high-density environments {middle and right). Above 1O"'M0 (dotted line) we distinguish quiescent galaxies (black diamonds), blue SF (blue triangles) and red 
SF galaxies (orange circles). Identified X-ray sources are marked with a square. Upper panel: Fraction of unobscured (blue curve) and obscured (orange curve) 
star-forming galaxies above IO'^Mq as a function of galaxy number overdensity (5n. The green curve shows the total fraction of star-forming galaxies (i.e. the sum 
of the orange and the blue curves). In each case the shaded region encloses the itlcr Poisson uncertainty. X-ray sources among star-forming galaxies have been 
excluded, but including them would make a negligible difference. Contrary to blue SF galaxies, whose fraction decreases monotonically with 5n. red SF galaxies 
are found preferentially at intermediate densities where they constitute ~20% of the whole population, i.e. only slightly lower than blue SF galaxies. 
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Fig. 7. — Fraction of obscured (orange), unobscured (blue) and all SF galaxies (green) as a function of density <5n for the cluster (lower panel) and for the field 
sample (upper panel) separately. The relative abundance of red SF galaxies depends on both the local galaxy number density and the larger-scale environment: the 
excess of red SF galaxies at intermediate densities is much clearer in the cluster sample. 
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Fig. 8. — Position of quiescent (black diamonds), red SF (orange circles) and blue SF (blue triangles) galaxies in the A901/902 supe rcluster at overdensitie s 
5n< 1.5, 1.5 <<5n< 3.5, and (5n> 3.5. The underlying image reproduces the dark matter reconstruction of the supercluster as derived bv lHevmans et alj j2008l) . 
with intensity scaling as the surface mass density k. The big circles indicate the four main supercluster structures (in clockwise order from top-left A901a, A901b, 
SW group, A902). 
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expressed both in terms of the stellar mass fraction (solid line 
and hatched region) and of the number fraction (dotted line) 
of star-forming galaxies among red-sequence galaxies. At low 
densities, star-forming galaxies contribute roughly 15% in stel- 
lar mass and 30% in number to the red sequence. This frac- 
tion is in agreement with studies of the mix in morphology 
and star formation activi ty of the 'field' red sequence at dif- 
ferent redshifts (e^. IFranzetti et al.ll2007t ICassata et al.ll2007t 
ICassata et al. 20081) . As expected from the general decrease in 
the number of star-forming galaxies in dense environment, the 
contamination of the red sequence by star-forming galaxies also 
decreases with density. However, it reaches values of a few per- 
cent only at the highest densities of the cluster, where the red 
sequence is highly dominated by quiescent galaxies. At inter- 
mediate densities, instead, there is an excess of (preferentially 
obscured) star formation, as already discussed in the previous 
Figures. 

3.3. The properties of red star-forming galaxies 

In this section we compare the star-formation and morpho- 
logical properties of red-sequence star-forming galaxies to 
those of blue-cloud star-forming and quiescent galaxies. We 
also investigate any environmental variation of such properties 
in star-forming galaxies. A follow-up analysis bv IWolf et al.l 
(12008.) based on STAGES data presents environmental trends 
of the properties of cluster galaxies by distinguishing (visually 
classified) morphological types and SED types. 

Fig. [T2I shows the distributions in stellar mass, specific SFR 
and total SFR of red SF galaxies (hatched histograms) in three 
density regimes ((5n< 1-5, 1.5 <i5n< 3.5, (5n> 3.5). In each 
density range, these distributions are compared to those of blue 
SF galaxies (grey shaded histograms) and quiescent galaxies 
(dashed histograms). The left panels of Fig. [T2l show that, while 
the stellar mass of quiescent galaxies clearly increases from low 
to high densities, the stellar masses of star-forming galaxies 
hardly vary with density, almost independently of their obscu- 
ration level. There is however a hint that the mean stellar mass 
of red SF galaxies at intermediate densities is slightly higher 
than that of their low-density and high-density counterparts 
((log(M*/M0)) = 10.47 ±0.05 compared to (log(M*/Mo)) = 



10.32±0.05 and (log(M*/M0)) = 10.35 ±0.08 at low and high 
densities respectively). The distribution in stellar mass at inter- 
mediate (5n compares with that at low with a Kolmogorov- 
Smirnov test probability of 0.03 that the two distributions are 
drawn from the same parent distribution. The KS test between 
the distribution at intermediate (5n and at high 5n gives a prob- 
ability of 0.2. Also, red SF galaxies at intermediate densities 
are on average more massive than blue SF galaxies at the same 
densities (which have (log(M,/M0)) = 10.34 ±0.03), with a 
KS probability of 0.05. 

The second and third columns of plots in Fig. [12] show the 
distributions in specific SFR and total SFR, respectively. For 
completeness we also show here the measured SFR of qui- 
escent galaxies, which have by definition specific SFR lower 
than 2 x 10~"yr"'. We do not detect any significant variation 
with environment in the SFR of blue-cloud star-forming galax- 
ies. Also the specific SFR of red SF galaxies appears inde- 
pendent of environment, but their average SFR at intermedi- 
ate densities is slightly higher than at low and high densities 
((log SFR) = 0.22 ±0.07 compared to (log SFR) = 0.07 ±0.06 
and (log SFR) = 0.01 ±0.08, respectively), as a consequence of 
the slightly higher M, discussed above. 

As a general remark, it is interesting to notice that the red, 
often IR-bright, star-forming galaxies in our sample are not ex- 
periencing a burst of star-formation. They have instead less in- 
tense star formation activity compared to blue-cloud galaxies, 
independently of environment. Their average specific SFR is 
from 0.2 dex to 0.3 dex lower than blue SF galaxies at the 5a 
level (the KS test on the their specific SFR distributions pro- 
vides a probability of 0.01, 0.001, 0.006 at low, intermediate, 
high densities, respectively). 

The right-hand panels of Fig. [T3] show the distribution in the 
V-band Sersic index n for the three classes of galaxies in the 
three density regimes. As expected the distribution of star- 
forming galaxies peaks at low values of n indicating that in 
all environments star formation occurs preferentially in disc- 
dominated systems. This result holds for both unobscured and 
obscured star-forming galaxies, which have similar distribu- 
tions in Sersic index. Also in this case we might witness a 
difference only at intermediate densities (although with rather 
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Fig. 10. — Fraction of SFR density contributed by red-sequence SF galaxies. 
This is compared to their number fraction over the whole SF population (dot- 
ted line). The hatched region represent the uncertainty, calculated assuming a 
0.3 dex error on the SFR estimates. 
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Fig. 1 1 . — Fraction of the stellar mass on the red-sequence contributed by 
obscured star-forming galaxies with M* > lO'^M© (solid curve and hatched 
region). This is compared to their number fraction over all massive red- 
sequence galaxies. 
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low significance), where red SF galaxies tend to be more bulge- 
dominated than blue SF galaxies (with a {n) = 2.28 ±0.35 com- 
pai-ed to («) = 1.76 ±0.21, and a KS probability of 0.12 for the 
two distributions to be the same). 

In this work we have defined star-forming galaxies as 'ob- 
scured' or 'unobscured' only on the basis of their optical color, 
namely whether they fall redward or blueward of the red- 
sequence cut, respectively. The dust attenuation of the UV flux 
in star-forming galaxies is often quantified by the ratio of the IR 
to UV luminosities (e.g. lGordon et alj|2000 )R We then look at 
the dust attenuation properties of red SF and blue SF galaxies, 
as expressed by the IR-to-UV luminosity ratio, log(LiR/Luv)- 
This is shown in the left panels of Fig. [T3] for red and blue 
SF galaxies in the same three density regimes as Fig. [12] (for 
completeness we include also quiescent galaxies; dashed his- 
tograms). The distributions are shown only for galaxies with a 
detection at 24/im (for each (5n bin the total number of galax- 
ies in each class is indicated in the panels). All red SF galax- 
ies are detected at 24//m, while 13% of the massive blue-cloud 
galaxies have 24/im flux below the detection limit. The fraction 
of blue-cloud galaxies missed is however independent of mass. 
The 24/xm selection in this plot affects only quiescent galaxies, 
whose detection rate decreases with mass. 

As expected, in any density range, red-sequence SF galaxies 
have on average higher Lir/Luv than blue-cloud galaxies, in- 
dicating a higher level of dust attenuation. The distribution in 
log(LiR/Luv) differ most significantly at low and intermediate 
densities (with a KS probability of 0.003 and 0.002, respec- 
tively). In the lowest-density bin, red SF galaxies have an aver- 
age log(LiR/Luv) of 1.07 ± 0.09, compared to the 0.68 ± 0.04 
of blue SF galaxies. At intermediate densities the average 
log(LiR/Luv) of red SF galaxies is 1.04 ±0.07 compared to 
0.73 ± 0.05 of blue SF galaxies. At the highest densities of 
the cluster, red SF galaxies still have higher dust attenuation 
with respect to blue SF galaxies (with a (log(LiR/Luv)) = 
0.87 ± 0.08 compared to 0.6 ± 0.05 of blue SF), although the 
difference between the two distributions is less significant (with 
a KS probability of 0.12). 

Contrary to the other parameters analysed so far, the IR- 
to-UV luminosity ratios of red SF galaxies appear to have a 
roughly bimodal distribution, with a peak around log(LiR/Luv) 
values similar to the main population of blue SF galaxies and 
another peak at significantly higher values. This is particu- 
larly evident at low densities but seems to persist in all envi- 
ronments with varying proportion between the two groups of 
red SF galaxies. We can explicitly distinguish red SF galax- 
ies on the basis of their IR-to-UV luminosity ratio, choosing 
a cut at log(LiR/Luv) = 1. By doing so, we find out that low- 
attenuation red SF galaxies differ from high-attenuation red SF 
galaxies in their specific SFR, their morphology and their en- 
vironmental dependence, suggesting that different evolutionary 
mechanisms are acting on them. 

Low-attenuation red SF galaxies have systematically lower 
specific SFR than high-attenuation red SF galaxies (with an av- 
erage log(SFR/M,), over all environments, of -10.43 ±0.03 
compared to -10.04 ±0.04 for the latter class). The distribu- 

^'The conversion from Lir/Luv to UV attenuation depend s on the galaxy star 
formation activity and tlie stellar age jCortese et al.ll2008l) . but this should not 
be a concern for the following discussion. First, the IR luminosity that we infer 
is based on the luminosity at 24/im, hence relatively insensitive to the (typically 
colder) dust heated by old stars. Second, the red SF galaxies in our sample span 
only one order of magnitude in specific SFR, hence the Lir/Luv can at least 
give us an insight into the relative dust attenuation among these galaxies. 



tions in specific SFR of low-attenuation and high-attenuation 
red SF galaxies differ most significantly at low and intermediate 
densities (with a KS test probability of 0.004 and 0.002 respec- 
tively). Moreover, although with less significance, it is interest- 
ing to note that low-attenuation red SF galaxies tend to be fitted 
by higher values of Sersic index than high-attenuation red SF 
galaxies (with a (n) = 2.43 ±0.96 compared to (n) = 1.54 ±0.42 
for the latter class, averaged over all densities). The morphol- 
ogy of both galaxy classes, at least as quantified by n, is not a 
function of environment. 

The fraction of low-attenuation red SF galaxies over the en- 
tire population of SF galaxies varies from 11.6 ±3% at low 
densities to 14.9 ±4% at intermediate densities and 17.5 ±6% 
at high densities. There might be a tendency of low-attenuation 
red SF galaxies becoming progressively more frequent in high- 
density environments, but the errors make these fractions con- 
sistent with being independent of environment. On the contrary, 
high-attenuation red SF galaxies appear to be more abundant 
at intermediate densities at about the la level: at intermediate 
densities they represent 16 ±4% of all SF galaxies, compared 
to 10.7 ± 3% at low densities and 10.5 ±4% at high densities. 
Their stellar mass is also slightly higher at intermediate densi- 
ties ((log(M,/M0)) = 10.52 ±0.07 compared to 10.33 ±0.06 
and 10.28 ±0.1 at low and high densities, respectively). 

It is worth noting that also among blue SF galaxies there 
is a subsample of galaxies with log(LiR/Luv) > 1. By se- 
lecting high-attenuation star-forming galaxies independently of 
optical color, the same picture emerges in comparison to low- 
attenuation red SF galaxies as outlined above. Indeed, the ar- 
gument of an overabundance at intermediate densities of dust- 
obscured star formation would be even stronger: the fraction of 
log(LiR/Luv) > 1 SF galaxies among all SF galaxies would be 
34 ±7% at intermediate 5^, compared to 18 ±4% at low i5n and 
16 ±6% at high 5^. 

This is further illustrated in Fig. [14] which shows the frac- 
tion versus the galaxy overdensity 5^ of red SF galaxies, sep- 
arated into low-attenuation (upper panel) and high-attenuation 
(lower panel). Low-attenuation red SF galaxies constitute on 
average ~5% of the whole sample with no significant depen- 
dence on environment. The excess at intermediate densities of 
red-sequence star-formation identified in Fig.|6]is mainly con- 
tributed by high-attenuation red SF galaxies, which represent 
about 12% of the whole population at 5-^^2.5. Even exclud- 
ing the edge-on spirals among high-attenuation red SF galax- 
ies (see Sec. 13. It , the trend with 6^ is still consistent within 
the errors with that shown in Fig. [14] Moreover, dust-obscured 
star formation could represent up to 20% of the whole popula- 
tion at these densities by considering all star-forming galaxies 
with log(LiR/Luv) > 1, regardless of their optical color (dotted 
curve). 

Based on the considerations above, we can say that low- 
attenuation red SF galaxies are likely spirals that are gradu- 
ally quenching their star formation and appear bulge-dominated 
because of disc fading. They might resemble t he anemic spi- 
rals found in local clusters as Coma and Virgo ( van den Berghl 
1976; Ken nicuttll98HlGavazzi et"al]|2002ll2006ir Some mech- 
anism that removes gas on relatively long timescales could be 
responsible for their transformation toward quiescence. How- 
ever, given their negligible environmental dependence, inter- 
nal processes leading to star formation quenching are equally 
possible and maybe even sufficient. On the other hand, high- 
attenuation red SF galaxies are disc-dominated spirals affected 
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by some mechanism, particularly efficient at intermediate den- 
sities, that triggers obscured episodes of star formation without 
significantly changing the morphology, at least on timescales 
over which star formation is still detectable. 

4. DISCUSSION AND CONCLUSIONS 
4. 1 . Star formation among red galaxies 

We have combined COMBO- 1 7 optical data with MIPS 24/im 
data for a sample of low-redshift (0.05 < z < 0.3) galaxies in the 
CDFS and A901 fields with the aim of studying the occurrence 
of obscured star formation as a function of environment. The 
24/xm information allows us to recover directly the flux from 
young stellar populations absorbed and re-emitted by dust, and 
thus to trace, in combination with the UV/optical information, 
the total (unobscured and obscured) star formation activity in 
galaxies. The A901 field is particularly suited from this kind 
of analysis, not only for the exceptional multiwavelength cov- 
erage, but also because it includes the complex A901/902 su- 
percluster at z = 0. 165 extending over an area of 5 x 5 Mpc^h^y. 
The supercluster is composed of four main substructures, prob- 
ably in the process of merging. The complex dynamical state 
of the A901/902 supercluster potentially makes it an ideal case 
for identifying galaxies in their process of evolution under the 
influence of environment. The CDFS, with the same multi- 
wavelength coverage, offers instead a control sample of field 
galaxies at similar redshift as the cluster 

In this work we have focused on galaxies with stellar masses 
larger than 10'"Mq, above which the red sequence is com- 
plete out to z = 0.3 (our limiting redshift). This mass limit 
roughly corresponds to 0. 1 x M* over the redshift range z < 0.3 
(iBell et al...2003:.Borch et al...2006) . We define as stai'-forming 
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Fig. 14. — Upperpanel: fraction of low-attenuation (log(LiR/Luv) < l)i'ed 
SF galaxies over all galaxies as a function of overdensity (5im : they represent 
on average ^5% of the whole population, almost independent of environment. 
Lower panel: fraction of high-attenuation (log(LiR/Luv) > 1) red SF galaxies 
versus 5n : there is an excess of dust-obscured star formation at intermediate 
densities. The same picture emerges if we consider all (blue and red) high- 
attenuation star-forming galaxies (dotted curve). 



those galaxies with a specific SFR (derived from UV and IR 
luminosities) above 2 x 10~"yr~'- Our focus is on star-forming 
galaxies populating the red sequence, either because they show 
low levels of star formation insufficient to alter the color of 
the underlying older population or because their star forma- 
tion activity is highly obscured by dust. Studies based on the 
UV and optical emission of galaxies have identified a signifi- 
cant amount of low-level star-formation in low-mass ellipticals 
dYiet al.ll200l iKavirai et al.. 2007) . with a hint of a p eak in 
'frosting' activity at group densities (iRogers et al.ll2007h . Star 
formation indicators that are less sensitive to dust attenuation, 
such as the 24/im emission that we exploit in this work, are 
instead required to detect dust-obscured star formation. 

We have studied the abundance of blue and red star-forming 
galaxies as a function of environment, as expressed by the 
galaxy number overdensity in a radius of 0.25 Mpc, focusing 
on the contribution of star formation on the red sequence com- 
pared to optically-detectable star formation. Our results can be 
summarized as follows. 

- The overall fraction of star-forming galaxies decreases 
from ~60% in underdense regions to ^20% in high- 
density regions. The stellar mass fraction contributed 
by star-forming galaxies also decreases going from the 
field to the cluster cores. The decline is steeper than 
for the number fraction because, while no significant 
environmental evolution in stellar mass occurs for star- 
forming galaxies, the mass function of quiescent galax- 
ies reaches higher stellar masses at higher densities. 

- The fraction of blue star-forming galaxies decreases 
monotonically from ^40% at low densities to less than 
20% at higher densities. On the contrary, red SF galax- 
ies do not show a monotonic behaviour as a function 
of environment. After an initial decline of the red SF 
fraction from the field to higher (5n, we identify an over- 
abundance of obscured star formation at intermediate 
densities, those typical of the outskirts of the A901/902 
supercluster cores. At both intermediate and high den- 
sities, red SF galaxies represent 40% of all star-forming 
galaxies and contribute 20-30% of the total star forma- 
tion activity at these densities. 

To a first order, ou r results confirm the well-known SFR- 
density rel ation (e.g. Gavazzi et al. 2002; Lewis et al. 2002"; 
iGomez et al. 2003; Balo gh et al. 2004b; Kauffmann et al. 2004) 
and rnorphology-densi t y relatio n (Dressier 1980; Dressier et al.l 
ll997l:lTreu et al.ll2003l:lvan der Wei .i200& e.g.). In addition to 
this, we find a significant contribution by red-sequence galax- 
ies, identified as star-forming through their IR emission, to the 
total star formation activity up to the highest densities of the 
cluster This would be at least partly missed by optical stud- 
ies. This result is consistent with lWolf et al.l(l2005l) who already 
found an enhancement of optically-classified dusty red galaxies 
in the medium-density outskirts of the A90 1/902 supercluster 
In this work, supported by deep 24/im data, we directly mea- 
sures the amount of star formation going on in these galaxies. 

Our results are also in line with recent studies of clusters at 
similar redshifts as A901/902 or higher, which have identified 
a population of IR-bright gala xies in filame nts and the infalling 
regions of the clusters. F adda et al. I (I2000h found a population 
of 15/im-detected galaxies with high 15/xm-to-optical flux ra- 
tio suggesting star formation activity in the cluster A 1689 at 
z = 0.18, in excess with respect to the Virgo and Coma clus- 
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Fig. 12. — From left to right: distribution in stellar mass, SFR per unit mass and total SFR for different classes of galaxies in three density regimes (increasing 
from bottom to top as indicated in each panel). Galaxies are divided into quiescent (black dashed histograms), blue star forming (grey shaded histograms) and 
red star-forming galaxies (dark grey hatched histograms). As in Fig. |6] X-ray sources identified among star-forming galaxies are excluded. The total number of 
quiescent/red-SF/blue-SF galaxies in each density range is also indicated in each panel. The histograms in each panel are normalized by the number of galaxies in 
the corresponding class and in the corresponding density bin. 




Fig. 13. — Distribution in IR-to-UV luminosity ratio (left) and V-band Sersic index n (right) for quiescent (black dashed histograms), blue SF (grey shaded 
histograms) and red SF (dark grey hatched histograms) galaxies in the same density regimes as in Fig. 1121 Note that the distributions in Ljr/Luv are calculated only 
for galaxies with a detection at 24/xm, not upper limits. This affects only the distribution of quiescent galaxies, that have a low IR detection rate which decreases 
with mass. The total number of quiescent/red-SF/blue-SF galaxies in each density range is also indicated in each panel. The histograms in each panel are normalized 
by the number of galaxies in the corresponding class and in the corresponding density bin. 
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ter (see alsolDuc et al.ll2002[) . In the cluster A2667 at z = 0.23 
ICortese et alT i 2007 ) have identified a IR-bright L* spiral galaxy 
in the process of being transformed by the cluster environment 
whic h triggers an i ntense burst of star formation. At similar red- 
shift, iFadda etal] (l2008h find two filamentary structures in the 
outskirts of the A1763 cluster at z = 0.23 (probably undergoing 
acc retion events) , whi ch are rich in actively star-forming galax- 
ies. iGeach et al.l ("2006) find an excess of mid-infrared sources 



in an unvirialized cluster at z ^ 0.4, where star formation might 
be triggered via mergers or interactions between gas-rich spi- 
rals. However, they also note that significant cluster-to-cluster 
variations are possible: they do not find any significant ex- 
cess in another cluster at similar redshift, of similar mass but 
with a hotter and sm oother ICM. Moving to higher redshift, 
iMarcillac et al.l (l2007l) studied 24/im sources in a massive, dy- 
namically young, unvirialized cluster at z = 0.83. They find 
that IR-detected galaxies tend to lie in the outskirts of the clus- 
ter, wh ile they avoid the merging region. Finally, lElbaz et al] 
(l2007l) . utilizing 24/im imaging in the GOODS fields at red- 
shift 0.8 < z < 1.2, have identified for the first time a reversal 
of the SFR-density relation observed at lower redshifts. This 
result has been recently confirmed bv Cooper et al.. (,2008h with 
a spectroscopic analysis using DEEP2 data. 

4.2. Dusty or old? 

The relative abundance of red SF galaxies at intermediate 
and high densities suggests that they are transforming under 
the influence of some environment-related process. What are 
the star formation activity, morphology and dust attenuation of 
these red star-forming galaxies? 

- The red SF galaxies in our sample are not in a starburst 
phase. The few starburst galaxies (with log(SFR/M*) > 
-9.7, corresponding to a birthrate parameter b > \, as- 
suming a formation redshift of 4) in our sample all pop- 
ulate the blue cloud. We find that red SF galaxies have 
similar SFR as blue SF galaxies, and slightly lower spe- 
cific SFR. While the overall fraction of star-forming 
galaxies decreases with density, we do not identify any 
significant evolution in their level of activity, either ob- 
scured or not. 

- The morphology of star-forming galaxies is not very 
sensitive to their color. Red SF have similar distribution 
in Sersic index as blue SF: they are predominantly disc- 
dominated. Moreover, the morphology of star-forming 
galaxies depends little on the environment in which they 
live. This suggests that, on average, changes in stel- 
lar populations and changes in morphology happen on 
different timescales, as hinted at by the fact that color 
seems to be more sensitive t o environment than mor- 
phology dBlanton et alj|2005h . The rise of red massive 
spirals in the infalling regions o f the A90 1/902 clus- 
ter has also been interpreted by IWolf et al.i (120081) as 
due to SFR decline not accompanied by morphological 
change. A two-step scenario in which star-formation 
is quenched first and morphological transformation fol- 
lows o n longer timesc a le is also supported by the anal- 
ysis of ISanchez et alj (120071) of the A2218 cluster at 
z = 0.17. 

- Red SF galaxies have IR-to-UV luminosity ratios 
(Lir/Luv), a proxy for the level of UV attenuation by 



dust, on average higher than blue SF galaxies. The 
distribution in their IR-to-UV luminosity ratios sug- 
gests however the presence of two different popula- 
tions, hence possibly two distinct mechanisms affecting 
star formation activity of red galaxies. Roughly half 
of the red SF galaxies in our sample have relatively low 
Lir/Luv, similar to the average value of the bulk of blue 
SF galaxies, without evolution with environment. The 
other half of the red SF galaxies have instead system- 
atically higher Lir/Luv- The range in dust attenuation 
of this second population becomes narrower at higher 
densities, suggesting a trend of decreasing attenuation 
with density. 

On the basis of the IR properties of red SF galaxies we 
tentatively distinguish them into two subpopulations. Low- 
attenuation red SF galaxies have low specific SFR (< lO""^ -') 
independent of environment. Among star-forming galaxies 
they tend to have higher Sersic indices ((«) ^ 2.5). These 
properties suggest that these galaxies are dominated by rather 
old stellar populations but have some residual star formation. 
They could be anemic/gas-deficient spirals gradually suppress- 
ing their star formation as a consequence of the removal of 
their g as reservoir as they move i nto higher-density environ- 
ments dFumagalli & Gavazzill2008l) . Their star formation could 
be suppressed on relatively long timescales (of few Gyrs) if 
strangulation of the hot, diffuse gas occurs while the galax- 
ies enter a more niassive halo (e.g. iBalogh & MorrisI 120001 : 
Ivan den Bosch etal] l2008l) . The gradual fading of the disc 
would make the morphology of these galaxies appear of ear- 
lier type. In addition to strangulation, when the density of the 
surrounding medium becomes sufficiently high, ram-pressure 
can act on smaller mass galaxies to remov e the remaining gas 
on the disc and lead to fast quenchin g (e.g. lGunii &Gottll 19721: 
lOuihs etal. 2000; B oselli et a However, there is no sig- 

nificant evidence that the relative abundance of low-attenuation 
red SF galaxies varies with environment. Therefore, we can- 
not exclude that these galaxies are suppressing their SF due to 
internal feedback processes only, without any additional envi- 
ronmental action required. 

The other subpopulation of red SF galaxies have systemat- 
ically higher Lir/Luv, indicative of higher levels of dust at- 
tenuation. They represent >40% of all red SF galaxies in the 
sample, even after accounting for purely edge-on spirals. By 
visual inspection of their HST V-band images, we can say that 
the majority of them are spiral galaxies with a bright nucleus 
or inner bar/disk, suggesting intense star formation activity 
in the galaxy core (we cannot exclude AGN contribution in 
some cases). We also find few cases of interacting galaxies and 
merger remnants. In comparison to the low-attenuation red SF 
class discussed above, they have systematically higher specific 
SFR and lower values of Sersic index ((«) ^ 1.5). As op- 
posed to low-attenuation red SF galaxies, they tend to be more 
abundant at intermediate densities where their stellar mass is 
^50% and ^70% higher than at low and high densities, re- 
spectively. This suggests that environmental interactions are 
particularly efficient in triggering episodes of obscured, often 
centrally concentrated, star formation in these massive late-type 
spirals. While we find few cases of interacting galaxies, violent 
processes, such as mergers, leading to intense starbursts cannot 
be the dominant phenomenon. These galaxies are likely more 
sensitive to more gentle mechanisms that perturb the distribu- 
tion of gas inducing star formation (but not a starburst) and at 
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the same time increase the gas/dust column density. This pro- 
cess should not alter morphology as long as star formation is 
still detectable. The fact that galaxies undergoing this phase 
are preferentially found at intermediate densities and with rela- 
tively high stellar masses might indicate longer duration of the 
dust-obscured episode of SF for more massive galaxies, which 
are thus more likely to be caught in this phase than low-mass 
galaxies. Harassment can act on massive spirals, funnelling the 
gas toward the cen ter and leading to a temporary enhancement 
of star formation dMoore et alj|1998l: iLake et al.l il998). The 
timescales of this process could be relatively long if it occurs 
at group-like densities, rather than in the cluster. Tidal inter- 
actions between galaxies at low and intermedi ate densities can 
also produce gas funnelling toward the center (lMihosll2004l) . 

In summary, we have identified a significant amount of star 
formation 'hidden' among red-sequence galaxies, contributing 
at least 30% to the total star formation activity at intermedi- 
ate and high densities. The red SF population is composed 
partly of disc galaxies dominated by old stellar populations and 
with low-level residual star formation, and partly of spirals or 
irregular galaxies undergoing modest (non-starburst) episodes 
of dust-obscured star formation. This means that, while we 
confirm the general suppression of star formation with increas- 
ing environmental density, the small amount of star formation 
surviving the cluster happens to a large extent in galaxies ei- 
ther obscured or dominated by old stellar populations. Low- 
attenuation red SF galaxies seem to be a ubiquitous popula- 
tion at all densities. Therefore an environmental action is not 
necessarily required to explain their ongoing low-level star for- 
mation. On the contrary, dusty SF galaxies are relatively more 
abundant at intermediate densities. They might be experiencing 
harassment or tidal interactions with other galaxies, which fun- 
nel gas toward the center inducing a (partly or totally obscured) 
episode of star formation. Ram-pressure can also be partly re- 
sponsible for the population of relatively more massive dusty 
SF galaxies in the cluster: while it is not effective in remov- 
ing the gas from the disc in massive galaxies, it could perturb 
it inducing obscured star formation. The complex dynamical 
state of the A901/902 supercluster could favour a combination 
of different processes producing a temporary enhancement of 
obscured star formation. 
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